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ABSTRACT: The diﬀusion of rhodamine-labeled poly-
(ethylene glycol) (r-PEG) within surface-grafted poly-
(ethylene glycol) (s-PEG) layers in aqueous solution at 18
°C was measured by ﬂuorescence correlation spectroscopy.
The diﬀusion coeﬃcient of r-PEG within s-PEG was
controlled by the grafting density, σ, and scaled as
σ−1.42±0.09. It is proposed that a characteristic blob size
associated with the grafted (brush) layer deﬁnes the region
through which the r-PEG diﬀusion occurs. The diﬀusion
coeﬃcients for r-PEG in semidilute solution were found to be
similar to those in the brushes.
■ INTRODUCTION
The diﬀusion of polymer chains in conﬁned environments is an
enduring subject in polymer science.1−10 A deceptively simple
problem concerns the diﬀusion of free chains within chemically
identical brushes (surface-grafted chains). Here, conﬁnement is
determined by the height of the brush, which may be
comparable to that of the dimensions of the diﬀusing coils.
The diﬀusion of polymer chains trapped within brushes may
therefore have diﬀerent concentration and chain length
dependences compared to free chains in solution. Never-
theless, little experimental attention has been given to this
problem, partly due to the apparent diﬃculty in swelling
brushes with linear chains.5,10,11
The simplest description of polymer brushes in semidilute
solutions is that of Alexander and de Gennes12,13 whereby each
brush chain is subdivided into a series of “blobs”, the size of
which is equal to the distance between grafting points, d. On
length scales below that of the blob size, the polymer adopts a
self-avoiding walk conformation, but on larger length scales the
chain is extended. It is therefore useful to test whether or not
the diﬀusion of free polymers within brushes is governed by
the size of these blobs. To achieve this, the size of the diﬀusing
chain must be no larger than the grafted polymers; otherwise,
additional conﬁnement eﬀects may arise. Other, more
sophisticated, models have since been developed, largely
based on the self-consistent mean-ﬁeld models of Milner,
Witten, and Cates,14,15 which predict a parabolic brush
concentration proﬁle.
The penetration of brushes by linear polymers is impeded by
the entropic penalty of swelling the brush to accommodate the
free chains. This entropic eﬀect is responsible for numerous
applications of brushes in the context of colloidal stabilization
and surface modiﬁcation.16−19 In particular, many hydrophilic
polymers exhibit excellent biocompatibility and lubricity, while
also preventing protein adsorption when grafted onto planar or
colloidal substrates.18,19 The prototypical coating for biocom-
patible surfaces is poly(ethylene glycol) (PEG).20,21 Here, the
diﬀusion of free rhodamine-labeled PEG (r-PEG) chains
within a surface-grafted PEG layer (s-PEG) of the same molar
mass was measured using ﬂuorescence correlation spectrosco-
py (FCS) as a function of grafting density. It is shown that the
r-PEG diﬀusion coeﬃcient, D, is related to the grafting density
of the s-PEG layer by D ∝ σ−1.42.
FCS allows quantitative measurement of the diﬀusion of
single molecules and requires very dilute labels. Originally
developed for use with biological systems, FCS has been used
to study synthetic polymers for many years.22 There has also
been a number of FCS studies focused on the diﬀusion of
polymers at surfaces and interfaces.2,5,6,9
■ EXPERIMENTAL SECTION
Brush layers were created by the adsorption of thiol-terminated PEG
onto a gold-coated substrate, which has previously been shown to
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create reliable and uniform surfaces.23−27 Uniform monohydroxy-
terminated PEG (PEG-OH, 20 kDa) and uniform monothiol-
terminated PEG (PEG-SH, 20 kDa) were purchased from Sigma
and Jenkem, respectively.
Rhodamine is a relatively hydrophilic dye,28,29 at least at neutral
pH, which makes it ideal for diﬀusion measurements such as these.
Hydrolyzed rhodamine 6G28 was reacted with thionyl chloride to
form rhodamine 6G acid chloride, 10.0 mg of which was added to 0.5
g of PEG-OH in 5.0 mL of dichloromethane, after which
triethylamine (1 mL, 0.73 g) was added. The reaction mixture was
stirred overnight at 20 °C. The solvent was evaporated under reduced
pressure, and the solid residue was dissolved in water. The red
solution was dialyzed against methanol and then water until a
colorless dialysate persisted.
Silicon wafers (approximately 1 cm × 5 cm), silicon nitride
triangular atomic force microscope (AFM) cantilevers, and all
glassware were cleaned in piranha solution. (Care is required: piranha
solution can spontaneously detonate upon contact with organic material.)
The silicon wafers and glassware were rinsed thoroughly with
deionized (DI) water six times and sonicated for 10 min before
placing in an oven at 80 °C overnight. Cantilevers were rinsed using
DI water, dried under nitrogen ﬂow, and stored in an oven at 80 °C.
To coat the substrates or cantilevers with a thin ﬁlm of gold, 5 nm of
chromium was deposited on silicon substrates (1 nm on cantilevers)
as an adhesive layer at ∼0.02 nm s−1. These were allowed to cool prior
to an ∼0.03 nm s−1 deposition of 12 or 60 nm thick gold coatings for
cantilevers and substrates, respectively.
To vary the grafting density of PEG,25 SH- and OH-terminated
PEG were dissolved together in ultrapure water (HPLC grade,
purchased from Sigma-Aldrich). A series of six solutions were
prepared by varying the concentration of PEG-OH from 0 to 50%
(w/w) in steps of 10%, while the concentration of PEG-SH was
maintained at 0.01 g/mL. Gold-coated silicon strips were immersed in
these PEG solutions for 24 h. PEG-SH irreversibly adsorbs to the
gold, and the PEG-OH screens excluded volume, allowing greater
grafting densities than would otherwise be possible. Subsequently,
samples were removed from solution, rinsed with water, and dried
with nitrogen, before being immersed in chloroform and sonicated for
10 min to remove any unbound PEG. The samples were then rinsed
with ultrapure water, dried under nitrogen, and stored in degassed
ethanol. The strips were then cut into 1 cm × 1 cm pieces prior to any
measurements, rinsed with copious ethanol, and dried with nitrogen.
The brushes were observed to be stable on experimental time scales
given that there were no observed changes in diﬀusion during the
experiments and that the force spectroscopy measurements of
thickness were reproducible. Recent quartz-crystal microbalance
data have been used to demonstrate the stability of thiol-terminated
PEG layers on gold.27 Gold-coated AFM cantilevers were also
incubated in PEG-SH solution, providing a low grafting density s-PEG
layer on the cantilever for force spectroscopy experiments.
A J.A. Woollam multiwavelength ellipsometer was used to measure
the thicknesses (both dry and in water) of the PEG brush layers on
the gold-coated silicon wafer. A gold-coated wafer without a PEG
coating was used to ﬁt substrate optical properties. The dry thickness
of each PEG brush layer was ﬁtted using a Cauchy layer for the PEG
brush, with a refractive index given by 1.45 + 0.01/λ2, where the
wavelength, λ, is in micrometers. Ellipsometry measurements were
performed over three positions on the same sample, and the mean
thickness was converted to grafting density, σ, using 1.13 g cm−3 for
the dry PEG density. The data from water-swollen PEG brushes in a
liquid cell were ﬁtted using a single-layer linear eﬀective medium
approximation model (comprising water and PEG, with the stated
Cauchy parameters), after ﬁtting the cell window oﬀsets using a dry
sample. Here σ = v2/3/d2 is the dimensionless areal density of grafting
points, where v is the monomer volume.
Complementary (aqueous) thickness measurements of s-PEG
layers were obtained using force spectroscopy. These measurements
were performed using a Multimode atomic force microscope
equipped with a Nanoscope IV controller using Nanoscope 5.31
software (Veeco), operating in contact mode using gold-coated AFM
cantilevers and PEG brushes on gold-coated silicon substrates. The
spring constants of the cantilevers were calibrated from their thermal
spectra.30
The ellipsometric thicknesses of (dry) s-PEG brush layers are
presented in Figure 1. The samples were prepared with the immersion
of gold-coated silicon wafers in PEG mixture solutions of diﬀerent
weight fractions of PEG-OH, which ranged from 0 to 50%. As
expected, the thickness of the immobilized PEG brush layer increased
when using larger PEG-OH fractions in the binary PEG solution, in
agreement with previous work using the same methodology.25
Measuring the thickness of a brush in solution is not trivial,
although it can be obtained relatively reliably with neutron
reﬂectometry.31 Here, ellipsometry and force spectroscopy were
used to obtain the mean brush thickness. Lack of contrast between the
brush and water meant that ellipsometry could only be used for the
four most densely grafted brushes. The mean thickness could however
be determined for all brushes using force spectroscopy, following an
earlier methodology.32−34 In this case the brush thickness was taken
to be the onset of the repulsive force in the approach curve, i.e., the
point at which the repulsive force is midway between one and two
standard deviations above the noise in the force curve (Figure 2a).
These AFM experiments were readily reproducible over diﬀerent
positions, which means that the brush coverage of the surface was
uniform.
Dense polymer brushes must swell to allow other polymers to enter
and the associated entropic cost limits the amount of swelling that is
possible. In the experiments reported in this work, the grafted layers
are brushes, but not strongly stretched ones. The average distance
between grafting points varies from 1.6 to 3.2 nm in the experiments
described herein, which compares with the hydrodynamic radius of
the PEG in dilute solution of 2.4 nm. (The hydrodynamic radius of r-
PEG was calculated using the Stokes−Einstein equation and D = 96.7
μm2 s−1.) It is therefore not unrealistic for individual polymers to
enter the brush. To understand the interaction of PEG in solution
with the brush layer, force spectroscopy experiments were performed
using a PEG-coated tip (σ = 0.016, assuming a similar brush growth
to those on the gold-coated silicon surfaces). The PEG-coated tip
readily penetrated a lightly grafted brush layer resulting in a 2 nm pull-
oﬀ force (Figure 2b). No such attractive force was observed when
separating a gold-coated tip from a PEG layer, which conﬁrms that the
adhesion force measured is due to the interaction between the two
PEG layers. However, when the PEG-coated tip was brought toward a
more densely grafted layer (σ = 0.059), it was unable to penetrate, at
least with an applied force of 15 nN, and instead a long-range
repulsion was observed. It can be concluded from these data that
there is an energy barrier to PEG entering the brush layer. This energy
barrier does not preclude PEG entering the brush, which would be
expected to be a rare occurrence, but certainly it does mean that the
Figure 1. Dry thickness of s-PEG measured by ellipsometry and the
corresponding grafting density as a function of weight fraction of
PEG-OH used during preparation of the brush. The transition at
which the excluded volume interaction is suppressed occurs between
20% and 30% PEG-OH.
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diﬀusion of PEG atop the brush is unlikely. Recent experiments on a
PEG-modiﬁed glass surface have shown that PEG does not adsorb to
these surfaces.35 The dominant diﬀusive processes of the r-PEG are
therefore in bulk solution or within the s-PEG layer.
The FCS experiment is performed at very low concentrations of r-
PEG, with approximately one dye label within the confocal volume at
any one time. A dilute aqueous r-PEG solution (10 nM) was prepared
immediately before each measurement. For measurements of r-PEG
diﬀusion in (bulk) semidilute solution, r-PEG was diluted to 10 nM in
PEG-OH solutions. FCS measurements were made using a ConfoCor
2 FCS module ﬁtted to an LSM510 inverted confocal microscope
(Zeiss) and a water-immersed objective (C-Apochromat 40×/1.2 W
Korr).
FCS measurements were made using a ConfoCor 2 FCS module
ﬁtted to an LSM510 inverted confocal microscope (Zeiss). All
measurements were performed at 18 °C. The rhodamine 6G label of
r-PEG was excited using the 514 nm line of an argon laser. Extraneous
ﬂuorescence emission was rejected using a 530−600 nm band-pass
ﬁlter, and the rest was recorded with an avalanche photodiode.
Photobleaching was inhibited by attenuation of the laser using a
neutral density ﬁlter. Fluctuations in the ﬂuorescence signal from dye-
labeled molecules were quantiﬁed by autocorrelation of the
ﬂuorescence intensity signal. The width of the confocal volume was
calibrated by conducting diﬀusion measurements using 10 nM
rhodamine 6G whose diﬀusion rate is 426 μm2 s−1 at 22.5 ± 0.5 °C.36
For FCS surface diﬀusion measurements, PEG functionalized gold
substrates were placed on a coverslip, facing downward, with a spacer
(Grace Bio-Laboratories SecureSeal, Sigma-Aldrich, Dorset, UK) to
keep them apart and accommodate suﬃcient amount of liquid. The
PEG brush samples were allowed to equilibrate for 30 min before
measuring. The z-scanning was performed in steps of 30 nm from the
bulk solution toward the surface using the automated stage
positioning of the ConfoCor 2 system until the signal-to-noise ratio
was maximized. This ensures that the autocorrelation curves of the
best quality can be achieved. The raw autocorrelation curves acquired
were ﬁtted to
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using a Monte Carlo algorithm to determine the starting parameters
and a Levenberg−Marquardt routine to determine best-ﬁt parameters.
Here Gtriplet represents the contribution to the triplet ﬂuorescence
decay and is signiﬁcant at short times only; f is the fraction of dye
molecules in the surface layer (i.e., the brush); τ is the decay time; τ3D
and τ2D are the time constants for bulk and conﬁned diﬀusion; n is the
number of dye molecules within the confocal volume; and S2 is a
geometrical parameter associated with the shape of the confocal
volume. The triplet decay occurs on the shortest time scales, followed
by the bulk diﬀusion and the surface diﬀusion, which is important at
the longest times. As a consequence, G(τ) can discriminate between
two- and three-dimensional diﬀusion,37 which enabled determination
of the diﬀusion coeﬃcient of r-PEG in s-PEG. This diﬀusion is here
deemed surface diﬀusion, but it is not a constrained two-dimensional
diﬀusion but rather a three-dimensional diﬀusion within a narrow
layer. Because the brush layer is thin compared to the confocal
volume, it is treated in eq 1 as two-dimensional diﬀusion.
Before the surface diﬀusion was measured, the PEG brush layer was
allowed to absorb r-PEG for 30 min. Given the geometry of the
confocal volume, it is expected that bulk r-PEG diﬀusion contributes
to the total ﬂuorescence signal during measurements. However, bulk
and surface diﬀusion are suﬃciently dissimilar that these two
components of the autocorrelation curve could be resolved and the
two diﬀusion coeﬃcients easily extracted. Measurements in solution
also provide a diﬀusion coeﬃcient for bulk diﬀusion, allowing this
parameter to be constrained. The diﬀusion coeﬃcient of the 20 kDa r-
PEG chains in dilute (10 nM) solution was measured to be 97 ± 5
μm2 s−1, which is consistent with earlier work.2 In ﬁtting the surface
diﬀusion, the bulk diﬀusion coeﬃcient was held ﬁxed to within 10%.
The number of molecules conﬁned within the brush layer decreased
by a factor of ∼6 as the grafting density increased.
■ RESULTS AND DISCUSSION
FCS data and ﬁts are shown in Figure 3 along with the
diﬀusion coeﬃcients obtained from ﬁtting the autocorrelation
data. The diﬀusion of PEG in the brushes is presented as a
function of grafting density in Figure 3b. This double-
logarithmic plot shows that a power law behavior can
reasonably describe the diﬀusion, and the ﬁt shows that the
diﬀusion coeﬃcient scales with grafting density as D ∝ σ−1.42.
The fraction of the signal due to the brush-absorbed polymers
is typically between 5% and 10%, but because the bulk
diﬀusion is considerably faster than the surface diﬀusion, these
are easily separable in the ﬁtting. In Figure 3c the areal density
of polymers absorbed by the brush is presented, showing that
Figure 2. (a) Force spectroscopy approach curves for a gold-coated
AFM tip compressing the upper surface of a PEG brush for various
grafting densities. The repulsive force increases at larger distances for
denser brushes. The legend indicates the quantity of PEG-OH used to
screen excluded volume in the preparation of the brush and the brush
layer thickness obtained from the onset of repulsion, where 0%, for
example, indicates that no PEG-OH was used to screen excluded
volume in the preparation of the brush layer. Three curves are shown
for the 30% brush (i.e., 30% of the PEG used in preparing the brush
was PEG-OH) to illustrate the reproducibility of the data. (b) Force
spectroscopy retraction curves for a gold-coated AFM tip leaving a
PEG-brush with the smallest grafting density and two PEG-coated
AFM tips (smallest grafting density) from two surface-grafted PEG
layers with diﬀerent grafting densities (σ = 0.016 and 0.059). The
experiments in both ﬁgures were performed until F = 15 nN was
achieved, and the retraction was performed immediately on achieving
this force.
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any grafting density dependence of the absorbed amount is
hard to determine. Although PEG-grafted surfaces provide
antifouling coatings,21 they do not work indeﬁnitely. For the
same reason, although PEG is repelled from the s-PEG layer
(Figure 2b), it will occasionally penetrate it. A small quantity of
r-PEG is therefore absorbed by the s-PEG. This quantity
represents a greater concentration than the 10 nM solution
above it, which is a result of the polymer motion slowing down
within the brush, due to the obstacles inhibiting its escape. In
ﬁtting the data, it was found that because f ≪ 1 − f, it could
vary signiﬁcantly in the ﬁtting. The surface diﬀusion coeﬃcient,
however, was a robust ﬁtting parameter whose values were
determined within a narrow range.
A detailed balance must exist between r-PEG within the
brush and in the solution above it, but FCS cannot here reveal
the rate of r-PEG leaving or entering the brush. Any r-PEG that
left the brush, even if only temporarily, contributed to bulk
diﬀusion and was assessed as such. An “interphase”
contribution35 was not observed in these experiments.
Although FCS is capable of measuring multiple diﬀusion
coeﬃcients, it is not capable of evaluating the nature of the
diﬀerent processes involved in the diﬀusion and tracking
techniques would be more appropriate.9,38,39 The conclusion
that the rate of entering and leaving the brush is small is
consistent with other experiments which showed that PEG
diﬀusion could be measured in the vicinity of weakly attractive
self-assembled monolayers, but not a PEG-modiﬁed surface.35
The diﬀusion coeﬃcient of r-PEG on a clean gold surface, i.e.,
without the adsorbed brush, was measured to be 11.7 ± 1.5
μm2 s−1. This large value reﬂects a relatively unconstrained
diﬀusion on a hydrophilic surface.
To compare the diﬀusion data for r-PEG in brushes with
those for r-PEG in semidilute solution, measurements of the
self-diﬀusion of r-PEG were performed in the presence of
varying amounts of PEG-OH, ranging from the dilute to the
semidilute regime. The diﬀusion coeﬃcient of r-PEG in
solution is presented in Figure 4 as a function of the
concentration of PEG-OH. Diﬀusion is independent of PEG
concentration in dilute solutions, where ϕ < 0.002. (The point
at which chains start to overlap is given by ϕ* ≈ vN/(4πvN9/5/
3) ≈ 0.002.) At ϕ > 0.03 ≈ vN/RG3 (RG is the polymer radius
of gyration), the self-diﬀusion scales as ϕ−1.50. These PEG-OH
concentrations (up to ϕ = 0.18, the largest used here) cover a
range of semidilute solution similar to those for large molar
mass polystyrene in earlier experiments,40 where a scaling
relation of D ∝ ϕ−1.7±0.1 was observed. The discrepancy
between this exponent and that measured here is due to the
high molar mass polystyrene exhibiting dynamics due to
reptation.41 The diﬀusion coeﬃcients for r-PEG in brushes are
included in Figure 4, and these are similar to the bulk
measurements in semidilute solution at the same concen-
Figure 3. (a) FCS data and ﬁts for r-PEG diﬀusing in an s-PEG layer.
The legend states the quantity of PEG-OH used to screen excluded
volume in the preparation of the brush for each data set. The data are
vertically oﬀset for clarity; in each case, G(τ) → 1 for large τ. (b)
Surface diﬀusion coeﬃcients obtained from the ﬁts to the FCS data.
The solid line is a ﬁt to the data, which yields D ∝ σ−ns, where ns =
1.42 ± 0.09. The uncertainty in grafting density (not shown) is taken
to be 5%. (c) Areal density of r-PEG absorbed by the brush (number
of r-PEG per μm2), as obtained from the ﬁts to the FCS data. The
number of r-PEG molecules absorbed by the brush within the
confocal volume is indicated on the right-hand axis. This is the total
number of r-PEG chains in the confocal volume, n, multiplied by the
fraction of those in the brush, f. The error bars are calculated
assuming that n and f are independent parameters.
Figure 4. Self-diﬀusion coeﬃcients (circles), D, for r-PEG in aqueous
solutions of PEG of varying PEG concentrations. The solid line is a ﬁt
to the data for ϕ > 0.03, which yields D ∝ ϕ−n, where n = 1.50 ± 0.08.
The diﬀusion coeﬃcients shown in Figure 3b are also included,
whereby ϕ was calculated by considering brush thicknesses measured
using ellipsometry or force spectroscopy.
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tration, from which it is concluded that the PEG must be
within the brush layer, rather than on top of it.
The concept of blobs is based on the polymers exhibiting a
self-avoiding random walk conformation on length scales less
than the distance between grafting points and is based on a
step-function thickness proﬁle. This rather unsophisticated
approach has been replaced by self-consistent methods,15
which provide volume fraction proﬁles that have a parabolic
form, although it has been argued that the osmotic pressure
behaviors of both models are similar.42 The parabolic proﬁle is
incompatible with uniform blobs because the blob size would
increase with distance from the substrate commensurate with
an increase in dilution. Here, however, the free polymer is the
same molar mass as the end-grafted chains and so is an
inappropriate probe of any parabolic concentration proﬁle of
the brush. It is therefore suﬃcient to conclude that the results
described herein do not preclude a parabolic volume fraction
proﬁle, merely that the Alexander−de Gennes model is
suﬃcient to describe the data.
The diﬀusion of a polymer chain in a medium is countered
by a frictional force due to that medium, which is proportional
to the density of obstacles. In a high molar mass polymer melt
or a concentrated polymer solution, these obstacles are chain
entanglements. For surface diﬀusion this frictional force is
proportional to σ; a related brush thickness dependence has
been observed for polymer surface diﬀusion on brushes.5
Within the brush layer the frictional force should scale as σ3/2.
This is because there is one obstacle to diﬀusion per blob,
whereby the brush grafting density deﬁnes the blob size
(volume vσ−3/2).12,13 The diﬀusion coeﬃcient is close to being
inversely proportional to the blob size σ3/2, as shown in Figure
3b.
■ CONCLUSIONS
In summary, free PEG chains can overcome the energy barrier
introduced by the PEG brush and diﬀuse within a PEG brush
layer. The diﬀusion coeﬃcient scales with the brush grafting
density as σ−1.42±0.09, which indicates that the blob volume
controls the diﬀusion of free polymers within the brush layer.
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